In this paper we consider the problem of verification of large dynamic models of biological systems. We present syntactical criteria based on biochemical kinetics to ensure the plausibility of a model and the positivity of its solution. These criteria include the positivity of the rate functions, their kinetic type dependence on the reactant species concentrations, and the absence of the negative cross-effects that together guarantee the nonnegativity of the dynamics. Further, the stoichiometric matrix of the truncated reaction system is checked against conservation using its algebraic properties. Algorithmic procedures are then proposed for checking these criteria with emphasis on good scaling up properties. In addition to these verification procedures, we also provide, for certain typical errors, model correcting methods. The capabilities and usefulness of these procedures are illustrated on biochemical models taken from the Biomodels database. In particular, a set of 11 kinetic models related with E. coli are checked, finding two with deficiencies. Correcting actions for these models are proposed.
Introduction
Dynamics play a key role in the explanation of complex phenomena occurring in living systems. Therefore, the dynamic modeling and model analysis of biochemical networks is of high importance in systems biology, as quantitative mathematical models allow the description, analysis and/or manipulation of a wide range of biochemical processes.
The mathematical form of these models varies depending on the aim of modeling and on the quality of measured data available. Petri-net models -both deterministic and stochastic-are widely used for the analysis of qualitative dynamic properties, such as persistency [1] models in the form of nonlinear ordinary differential equations (ODEs) are also widely used when good quality measured data are available for model parameter estimation, model verification, validation and detailed dynamic analysis. More in particular, the class of kinetic models [3] (with mass action type or other rate functions) is a widely accepted description form.
In practice, however, many of the medium and large-scale kinetic models in systems biology show problems when the space of parameters is explored. For example, dynamic simulations for certain parameter values result in negative concentrations (suggesting that mass-balance may not be correct), or simply blow-up. Therefore, careful checks should be performed before the use of a published model. This is routinely done in large biochemical model bases (see e.g.
[4]), but these checks cannot detect every deficiency that may arise from the many different uses (simulation, parameter estimation, experiment design, etc.) of these models.
A biologically valid model should be valid both from physical and chemical point of view. There are some tools which help the user to avoid making modelling mistakes e.g. by offering predefined rate-functions, tracking the variables, or supporting measurement units and their consistency. These tools serve mostly for syntactic checking purposes. Furthermore, some tools can also check fundamental model properties, such as e.g. mass balance, the existence of admissible steady states, or the characteristics of the dynamic behaviour near a steady state, among others.
The Systems Biology Markup Language (SBML) [5] is a kind of accepted "standard", which offers model syntax checking, e.g. checking that the measurement units are correct. Systems Biology Toolbox 2 offers in addition (i) moiety conservation, (ii) steady state calculation, (iii) stoichiometry analysis, and (iv) bifurcation analysis.
As another well-known example, COPASI [6] provides a systematic model building framework to reduce the possibility of making modelling errors. Further functions are: steady state analysis, mass conservation, time scale separation, sensitivity calculation etc.
Despite the above efforts to ensure the acceptable quality of a biochemical model, it is easy to find in the literature such models that do not possess very basic properties, like positivity. This is usually the consequence of model simplification based on assumptions [7] . However these assumptions are sometimes forgotten or not known explicitly. Therefore, our aim was to formulate simple syntactical and semantic criteria of biochemical origin that ensure the plausibility of the studied model and the positivity (more precisely, non-negativity) of its solution. Similar ideas of model checking appear in [8] and [9] .
The basic properties of dynamic models that describe reaction kinetic systems are used for this purpose. Roughly speaking, the kinetic property of these models means that the individual reaction rates are non-negative and there cannot be negative cross-effects between the dynamics of species [10] . Besides other important features, the kinetic property implies non-negativity which means that the non-negative orthant of the coordinates system remains invariant for the
